Background and Purpose-Hematopoietic progenitor cells (HPCs) may attenuate the response to vascular injury by maintaining endothelial integrity and function. Our aim was to determine whether circulating HPC number and function correlate with restenosis after carotid endarterectomy. Methods-HPC number (CD34 ϩ /CD133 ϩ cells), early colony-forming units, migratory capacity, and senescence were analyzed in blood collected preoperatively, 1 day, and 6 weeks postoperatively. Mobilizing cytokine levels were also measured. Stenosis was assessed by duplex scanning. Results-HPC numbers (PϽ0.001) and early colony-forming unit count (Pϭ0.001) fell rapidly 24 hours postoperatively.
A cute arterial injury caused by angioplasty or endarterectomy denudes the endothelium, which may lead to neointimal hyperplasia. 1 Maintaining endothelial integrity and function may attenuate the response to acute and chronic vascular injury. Bone marrow-derived endothelial progenitor cells differentiate into mature endothelial cells and maintain endothelial function. [2] [3] [4] Enhancing their mobilization after injury promotes re-endothelialization and decreases neointima formation in animal models of arterial injury. [2] [3] [4] Recent studies suggest, however, that these cells are likely to represent a heterogeneous group of primitive hematopoietic progenitor cells (HPCs) that express both endothelial and myeloid lineage markers. 5, 6 The response of bone marrow cells to arterial injury appears to depend on the type of injury induced. 7 Circulating HPC numbers rise acutely after coronary artery bypass grafting 8 and angioplasty 9 but fall after carotid endarterectomy (CEA). 10 The aim of this study was to determine whether HPC circulating number or function is related to the likelihood of developing restenosis after CEA.
Methods

Patient Recruitment and Sample Collection
Consecutive (symptomatic and asymptomatic) patients presenting for CEA at St Thomas' Hospital were recruited (46 patients with a mean age of 71Ϯ9 years). Blood samples were collected immediately preoperatively, 24 hours, and 6 weeks postoperatively. The degree of restenosis was assessed by duplex scanning at 6 months.
Measurement of progenitor cell numbers and function (detailed methodology in the online-only Data Supplement) consisted of: (1) CD133ϩve/CD34ϩve circulating HPCs were enumerated using flow cytometry; (2) HPC early colony-forming units (ECFUs) were measured after 5 days in culture (ECFU assay); (3) fluorescently labeled HPC migration toward vascular endothelial growth factor was examined using a modified Boyden chamber. Migrated cells were enumerated as percentage increase in fluorescence intensity over the migration in control wells; and (4) senescence ␤-galactosidase activity in HPCs isolated from the ECFU assay were measured.
Statistical Analyses
Data were tested for normality (SPSS 14.0) and analyzed using t test. Correlations were carried out by Spearman rank or Pearson rank as appropriate.
Results
There was no difference in major clinical variables in symptomatic compared with asymptomatic patients with the exception of the increased prevalence of heart disease in the asymptomatic group (online-only Data Supplement Table I ).
HPC and ECFU counts fell by 28% (PϽ0.001) and 18% (PϽ0.001) by 24 hours postoperatively. Both counts rose to preoperative levels by 6 weeks (online-only Data Supplement Table II ).
The pre-or postoperative HPC or ECFU numbers were not associated with the development of restenosis (online-only Data Supplement Table III ). The degree of restenosis was negatively correlated with the percentage acute fall in HPC number (RϭϪ0.38 Pϭ0.013) and ECFU count (RϭϪ0.42, Pϭ0.009; Figure 1A- Migration of HPCs isolated preoperatively correlated negatively with restenosis at 6 months (RϭϪ0.48, Pϭ0.007). Subanalysis showed that this correlation was present in both symptomatic (RϭϪ0.64, Pϭ0.001) and asymptomatic patients (RϭϪ0.86, Pϭ0.006). There was no correlation between HPC senescence and restenosis.
Circulating SDF1 concentration fell postoperatively (Pϭ0.006) and returned to preoperative levels by 6 weeks. Vascular endothelial growth factor levels increased postoperatively and continued to rise by 6 weeks (Pϭ0.04; online-only Data Supplement Table IV) . Preoperative SDF1 levels correlated with postoperative fall in HPC and ECFU numbers (Rϭ0.42, Pϭ0.04 and Rϭ0.56, Pϭ0.004, respectively; Figure 2A -B).
Discussion
The acute fall in HPC numbers (CD133 ϩ /CD34 ϩ cells and ECFUs) after CEA, followed by a recovery to preoperative levels at 6 weeks in this report, confirms the work of others 10 but is in contrast with the rise in HPC numbers that occurs after bypass surgery or balloon angioplasty 11 as well as in the acute phase injury after ischemic stroke. 12 It is possible that angioplasty and coronary bypass induce some degree of ischemia that leads to mobilization of HPC numbers, because coronary angioplasty does not promote mobilization of progenitors in the absence of myocardial necrosis. 13 The circle of Willis protects the cerebral circulation from ischemia during CEA and so the main stimulus is that of endothelial damage alone. CEA also results in denudation of an area of endothelium much greater than that seen after angioplasty. We postulate that this may lead to recruitment of HPCs to the site of endarterectomy in an attempt to re-endothelialize this area. In the absence of an ischemic stimulus, this may overwhelm the capacity to mobilize these cells from the bone marrow within the first 24 hours after surgery, leading to a fall in circulating HPC numbers.
In contrast to the finding that patients who develop restenosis after coronary angioplasty have lower circulating HPC numbers and increased senescence, 14 we found no association between circulating HPC numbers, ECFU count, or HPC senescence and the development of restenosis after CEA. These conflicting data may be the result of the variable use of combinations of markers (including CD31, CD34, vascular endothelial growth factor receptor-2, CD133, cKit, and CD45) that make it difficult to compare studies associating HPCs with various cardiovascular conditions and outcomes. We did, however, find a significant negative correlation between restenosis and the magnitude of the postoperative fall in HPC and ECFU numbers as well as a significant relationship between a reduced incidence of restenosis and a higher functional (migratory) capacity of HPCs. A significant correlation was maintained in symptomatic but not asymptomatic patients. The latter may be the result of a Type II statistical error because of the low patient numbers in this group.
SDF-1␣ stimulates progenitor cell mobilization, growth, and differentiation. 15 Preoperative SDF-1 levels correlated strongly with the postoperative fall in both circulating HPC and ECFU number. These data, taken together with our earlier results, lead us to speculate that higher preoperative SDF1 leads to increased HPC homing to the site of injury, resulting in a greater postoperative fall in HPC number, enhanced neoendothelialization, and reduced neointima formation. This paradigm merits further investigation to better define the HPC phenotypes using multiple markers and to confirm recruitment of specific phenotypes to the site of endothelial injury in humans. This could be done using autologous HPCs isolated by flow cytometry with clinicalgrade antibodies and noninvasive imaging of cells labeled with radiotracers such as indium or technetium.
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SUPPLEMENTAL MATERIAL
Haematopoietic progenitor cells and restenosis following carotid endarterectomy
METHODS
Measurement of progenitor cell number and function
(i) Flow Cytometry
Cluster of differentiation designation markers, CD34 and CD133, are found on haematopoietic lineage cells, while CD133 is expressed by early progenitor cells (1) . Cells that co-express these markers have a macrovascular phenotype in vitro (2) 
(ii) Early colony forming unit (ECFU) assay
The ECFU assay was carried out as previously described(3). Briefly, peripheral blood mononuclear cells (PBMCs) were isolated from EDTAanticoagulated, whole blood by Ficoll gradient density centrifugation(4). The cells were placed in fibronectin-coated (10µg/ml, Sigma, UK) 6well plates (BD, UK) at a concentration of 1x10 6 PBMCs per well. Cells were cultured at 37ºC and 5% CO 2 in endothelial basal medium (EBM) 2 supplemented with the Bullet Kit (Clonetics, UK) and 5% foetal calf serum (FCS, Sigma, UK).
Colony numbers were counted under phase contrast microscopy after 5 days.
(iii) Migration
HPCs were isolated and cultured as described for the ECFU assay. 
Cytokine measurement
The mechanism by which progenitor cells are mobilised into the circulation and localise to sites of injury is not fully understood. There are, however, a number of cytokines that are thought to be important in this process including, vascular endothelial growth factor (VEGF)(7), granulocyte macrophage colony stimulating factor (GM-CSF)(8), stromal derived factor-1(SDF-1)(9), and placental growth factor (PlGF) (10) . The plasma concentrations of the cytokines VEGF, GM-CSF, SDF-1, and PLGF were therefore analysed by multiplex ELISA (Searchlight, Pierce Biotechnology, UK). 
RESULTS
Cells
